ABSTRACT X-ray flares have been discovered in black hole systems, such as gammaray bursts, the tidal disruption event Swift J1644+57, the supermassive black hole Sagittarius A * at the center of our Galaxy, and some active galactic nuclei. Their occurrences are always companied by relativistic jets. However, it is still unknown whether there is a physical analogy among such X-ray flares produced in black hole systems spanning nine orders of magnitude in mass. Here we report the observed data of X-ray flares, and show that they have three statistical properties similar to solar flares, including power-law distributions of energies, durations, and waiting times, which both can be explained by a fractal-diffusive self-organized criticality model. These statistical similarities, together with the fact that solar flares are triggered by a magnetic reconnection process, suggest that all of the X-ray flares are consistent with magnetic reconnection events, implying that their concomitant relativistic jets may be magnetically dominated.
Introduction
X-ray flares are common astrophysical explosive phenomena throughout the universe. They have been observed in stars, stellar-mass black holes, and supermassive black holes (SMBHs) located at the center of galaxies, particularly in the Sun (Shibata & Magara 2011) , gamma-ray bursts (GRBs) (Gehrels et al. 2009 ), the tidal disruption event Swift J1644+57 E-mail: fayinwang@nju.edu.cn; dzg@nju.edu.cn (Burrows et al. 2011; Bloom et al. 2011) , the SMBH Sagittarius A * (named Sgr A * ) at the center of our Galaxy (Baganoff et al. 2001) , and some active galactic nuclei (AGN) (Rees 1984) . These black hole systems, spanning nine orders of magnitude in mass, always generate relativistic jets (De Young 1991; Mirabel & Rodriguez 1999; Meier et al. 2001; Zhang 2007) , which are likely to produce X-ray flares with short rise and decay times. Until now, the composition of such relativistic jets has been poorly known (Harris & Krawczynski 2006) . Meanwhile the physical origin of resultant X-ray flares has also remained mysterious, although some models have been proposed for X-ray flares in GRBs (Dai et al. 2006; Mészáros 2006) , Swift J1644+57 (Wang & Cheng 2012) , Sgr A * (Markoff et al. 2001; Yuan et al. 2003; Yuan et al. 2004; Dodds-Eden et al. 2010) , and M87 (Harris et al. 2003) . It is well known that solar flares originate from magnetic reconnection (Shibata & Magara 2011; Zweibel & Yamada 2009 ). Here we investigate the energy frequency distribution, duration-time distribution and waiting time distribution of X-ray flares from black hole systems, compare these distributions with those of solar flares, and infer the physical origin of X-ray flares and the composition of relativistic jets.
In astrophysics, there is consensus about a common set of morphological properties, which may be shared by most of X-ray flares spanning many orders of magnitude in power. Interestingly, there is evidence that GRB X-ray flares and solar flares have similar statistical properties, suggesting a similar physical origin, i.e. magnetic reconnection (Wang & Dai 2013 ). However, a clear connection among X-ray flares from relativistic jets in black hole systems with vastly different masses has not yet been built, though a recent study shows that relativistic jets in GRBs and AGNs may have a similar efficiency of energy dissipation (Nemmen et al. 2012) . Wang et al. (2014) found that the correlation between radio luminosity and peak energy of GRBs is similar as that of blazars, which indicated that the radiation process of GRBs is synchrotron radiation both in the prompt and afterglow phases. Solar flares are believed to be self-organized criticality (SOC) events driven by magnetic reconnection (Lu & Hamilton 1991; Charbonneau et al. 2001; Morales & Charbonneau 2008; Aschwanden 2012a ). The concept of SOC was first proposed by Bak et al. (1987 Bak et al. ( , 1988 , which has been initially applied to sandpile avalanches, and has been generalized to nonlinear dissipative systems that are driven in a critical state. Wang & Dai (2013) found that X-ray flares from GRBs show SOC behaviors. Whether the SOC characteristics exist in X-ray flares in black hole systems except for GRBs remains unclear, though some hints have been found (Mineshige et al. 1994; Takeuchi et al. 1995; Negoro et al. 1995; Ciprini et al. 2003; Zhang 2007) .
In this paper, we study the energy frequency distribution, duration-time distribution and waiting time distribution of X-ray flares from black hole systems, such as Swift J1644+57, Sgr A * and M87. The structure of this paper is arranged as follows. In section 2, we derive the X-ray flare data. We present the fitting results and explanations in section 3. The conclusions and discussion are given in section 4.
The X-ray flare data
We focus on X-ray flares from SMBHs, such as the central black hole of Swift J1644+57, Sgr A * at our Galactic center, and the AGN M87.
X-ray flares of Swift J1644+57
Swift J1644+57 is the first event with a relativistic jet generated by the tidal disruption of a star by a SMBH (Burrows et al. 2011; Bloom et al. 2011 ). This event is at redshift z = 0.35. The central black hole mass of Swift J1644+57 is about 7.4 × 10 6 M ⊙ (Burrows et al. 2011) , where M ⊙ is the solar mass. There are many flares presented in the X-ray light curve of Swift J1644+57 (Burrows et al. 2011) . The X-ray light curve of Swift J1644+57 is obtained from http://www.swift.ac.uk /xrt curves (Evans et al. 2007 ), which was observed by the Swift satellite (Gehrels et al. 2004 ). The X-ray flux in the 0.3-10 keV band is shown in Figure 1 . The X-ray telescope (XRT) on board Swift has a number of different operating modes, depending on the brightness of an observed source. The time resolution is from millisecond to seconds (Gehrels et al. 2004) . The data are binned dynamically, i.e., the binning criteria vary with count rate (Evans et al. 2007 ). The solid line represents the underlying continuum emission, which is dramatically consistent with the Chandra X-ray observations in about 500 days when the relativistic jet shuts off (Zauderer et al. 2013 ). When we fit the parameters of flares, the underlying continuum emission is subtracted. The total X-ray emission shows a constant flux at t < 15 days (Burrows et al. 2011 ) and F X ∝ t −5/3 at t > 15 days (Berger et al. 2012 ). The constant flux may be due to the extraction of the rotational energy of a spinning supermassive black hole through the Blandford-Znajek mechanism (Blandford & Znajek 1977; Lei & Zhang 2011) . The steady decline F X ∝ t −5/3 traces the mass accretion rate of post-disruption debris (Rees 1988) . We fit the flares with a smooth broken power-law function (Li et al. 2012 )
where α 1 and α 2 are the temporal slopes, t b is the break time, and ω measures the sharpness of a peak of the light curve component. This method is very similar to the fitting method of GRB X-ray flares (Chincarini et al. 2007; Chincarini et al. 2010; Falcone et al. 2007 ). The example of best-fit flares is shown in Figure 2 . The flare parameters including the start time, end time, fluence, fluence error and isotropic energy are shown in Table 1 . The total number of X-ray flares of Swift J1644+57 is 68. These parameters are derived as follows. The isotropic energy of one flare in the 0.3-10 keV band can be calculated by 
, where σ S F is the error of fluence. The waiting time in the source's rest frame can be obtained by ∆t = (t i+1 − t i )/(1 + z), where t i+1 is the observed start time of the i + 1th flare, t i is the observed start time of the ith flare, and 1 + z is the factor to transfer the time into the source-frame one. The duration time is calculated as T = (t end − t start )/(1 + z).
X-ray flares of Sgr A *
The SMBH Sgr A * at our Galactic center has a mass of 4.1 × 10 6 M ⊙ at its distance of 8 kiloparsecs to the Earth (Ghez et al. 2008 ). Sgr A * shows flares in the X-ray and near infrared bands (Dodds-Eden et al. 2009 ). The X-ray emission of Sgr A * typically has a luminosity of a few times 10 33 erg s −1 (Baganoff et al. 2003) , but it shows rapid X-ray flaring sometimes. Here we use the observational data from the Chandra X-ray Observatory's 2012 Sgr A * X-ray Visionary Project . In 3 mega-seconds of Chandra observations, 39 X-ray flares from Sgr A * with duration from a few hundred seconds to 8000 seconds and with 2-10 keV luminosity from 10 34 erg s −1 to 2 × 10 35 erg s −1 were detected (Neilsen et al. 2013) . The flare parameters of Sgr A * are compiled in Table 2 , which are taken from (author?) (Neilsen et al. 2013) . The underlying emission is subtracted when the parameters of flares are derived (Neilsen et al. 2013) . The waiting time is calculated from ∆t = (t i+1 − t i ), where t i+1 is the observed start time of the i + 1th flare, t i is the observed start time of the ith flare. Neilsen et al. (2013) found that the X-ray flare luminosity distribution dN/dL is consistent with a power law with index about −1.9, and the duration time distribution is a power law with index −0.9 ± 0.2.
X-ray flares of M87
The first jet was discovered in 1918 within the elliptical galaxy M87 in the Virgo cluster. M87 shows X-ray flaring from nucleus, HST-1, knot A, and knot D. The very highenergy (E> 100 GeV) flares have been detected. In this study, we use the X-ray light curve for the nucleus of M87 observed by Chandra between 2000 and 2010 (Harris et al. 2009; Abramowski et al. 2012 ). X-ray data of M87 have been taken with the Advanced CCD Imaging Spectrometer (ACIS) on board the Chandra satellite (Harris et al. 2003; Harris et al. 2009; Abramowski et al. 2012) , which is shown in Figure 3 . The underlying emission is about 0.1 keV/s (Harris et al. 2009) , which is subtracted when we derive the parameters. We identify 18 flares from the X-ray light curve. The parameters of flares are listed in Table 3 , including the start time, end time and energy. We take the error as 15% of total energy.
Results
We present the cumulative energy distribution of X-ray flares in Figure 4 . The number of flares N(E)dE with energy between E and E + dE can be expressed by
where α E is the power-law index, and E max is the cutoff energy. So the cumulative energy distribution is
, where a and b are two parameters. We use the Markov chain Monte Carlo technique to obtain the best-fitting parameters. The distribution shows a flat part at the low energy regime, which may be due to an incomplete sampling and some selection bias for large energy flares. Interestingly, Cliver et al. (2012) also interpreted the flatter slope of solar energetic particle events using selection effects. So in order to avoid the selection effect, only the cumulative distribution above the break is fitted. The flattening effect due to the incomplete sampling is well understood. In Figure 4 , we fit the cumulative distributions in the energy range between the dashed lines. Because the number of solar flares is very large, we fit the differential distribution with α E = 1.65 ± 0.02 for 11595 solar flares observed by RHESSI (Aschwanden 2011) . The other red curves in Figure  4 represent the cumulative energy distributions of X-ray flares with indices α E = 2.4 ± 0.6, 1.8 ± 0.6, and 1.6 ± 0.7 for Swift J1644+57, Sgr A * , and M87, respectively. The reduced χ 2 of fittings are χ 2 r = 1.02, 0.83, 0.85, and 0.75 for solar flares, Swift J1644+57, Sgr A * , and M87, respectively. Neilsen et al. (2013) also fitted the energy of Sgr A * flares using a cutoff power-law function. The best fitting slope is 0.9 +0.8 −0.5 , which is in contrast with our result. The main reason is that the incomplete sampling at low energy range. Figure 5 shows the duration-time (T ) frequency distributions X-ray flares from black hole systems. The differential distribution can be expressed as
Because the number of flares from black hole systems is small. We also use the cumulative distribution, which is the integration of equation (3). In order to avoid the incomplete sampling problem, the distribution above the break point is fitted, which is between dashed lines in Figure 5 . The values of α T are 2.00 ± 0.05, 1.5 ± 0.6, 1.9 ± 0.5, and 2.0 ± 0.7 for solar flares, Swift J1644+57, Sgr A * , and M87, respectively. The reduced χ 2 of fittings are χ 2 r = 0.98, 0.83, 0.86, and 0.74 for solar flares, Swift J1644+57, Sgr A * , and M87, respectively. The fitting results are listed in Table 4 . Because the flares are from the same object observed by the same instrument, the observational bias may be minimal.
Obviously, the typical values of α E are about 1.6 and 2.4, and those of α T are about 2.0 and 1.5. Some distributions of flares can be well understood within one physical framework, i.e., self-organized criticality (SOC). The concept of SOC was proposed as an explanation for the behavior of the sandpile model (Bak et al. 1987 ). In SOC, subsystems self-organize owing to some driving force to a critical state at which the "output" is a series of "avalanches" that follow a power-law (fractal) frequency-size distribution. For solar flares, the statistical power-law distributions of sizes and durations can be explained by the universal fractaldiffusive SOC model (Aschwanden 2011; Aschwanden 2012a) , while the underlying physical process of the driver could be attributed to a magnetic reconnection process. We further discuss this model to explain the energy and duration-time frequency distributions of Xray flares in other systems. For an ensemble of many SOC avalanches, the relationship between size scale L and duration time T is L ∝ T 1/2 (Aschwanden 2012a), which has been originally applied to the Brownian motion. This relationship has been confirmed by the observations of solar flares (Aschwanden 2012b) . Meanwhile, under the assumption that the number or occurrence frequency of avalanches is equally likely throughout the system, the distribution of size scale L is expressed as N(L)dL ∝ L −S dL, where S = 1, 2 and 3 is the Euclidean dimension. Thus, the duration frequency distribution of flares is given by (Aschwanden 2012a )
For S = 3, the index α T = (S + 1)/2 equals 2.0, which can well reproduce the duration frequency distributions of X-ray flares of Sun, Sgr A * , and M87 at the 1σ confidence level. In addition, the energy frequency distribution can be expressed as (Aschwanden 2012a )
The index α E ≡ 3(S+1)/(S+5) = 1.5 for S = 3, which is consistent with the observed indices of X-ray flares of Sun, Sgr A * , and M87. The power-law distributions of total energies and durations are two criteria of a SOC system (Aschwanden 2011). From our above statistical analysis, the X-ray flares from Sun, Sgr A * , and M87 are due to SOC events. The X-ray flares of Sun, Sgr A * , and M87 correspond to the three-dimensional (S = 3) case. Interestingly, Li & Yuan (2014) also found that the distributions of Sgr A * flares, including flux, peak rate and waiting time, can be explained by three-dimensional fractal-diffusive SOC model. The best fitting power-law slopes are α E = 2.4±0.6 and α T = 1.5±0.6 for Swift J1644+57. According to the fractal-diffusive SOC model proposed by Aschwanden (2012a), these power-law slopes can be marginally explained by the three-dimensional SOC model. But the difference is up to 0.6. Interestingly, the size distributions of stellar flare energies with power-law slopes in a range of α E = 2.17 ± 0.25 (Aschwanden 2014) . For stellar flares from Kepler mission, the size distribution for the total sample of 1538 stellar flares shows a power law slope of α E = 2.04 ± 0.13 (Walkowicz et al. 2011; Maehara et al. 2012; Shibayama et al. 2013; Aschwanden 2014) . These values are dramatically consistent with our result, but are steeper than derived for solar flare energies (α E ≈ 1.5 − 1.6).
The waiting time ∆t is the time interval between two successive events in a data set. Figure 6 shows the waiting time distributions of X-ray flares from the Sun, Swift J1644+57, Sgr A * and M87, which suggests that these X-ray flares have similar waitingtime distributions. The power-law indices of waiting-time distributions α W are 2.04 ± 0.03, 1.8 ± 0.6, 1.8 ± 0.9, and 2.9 ± 1.0 for solar flares, Swift J1644+57, Sgr A * , and M87, respectively. The corresponding reduced χ 2 are χ 
with flare rate λ = 1/∆t and mean rate λ 0 , the waiting time distribution can be derived as (Aschwanden & McTiernan 2010 )
where λ 0 is the mean rate of flares. For waiting times (∆t ≫ 1/λ 0 ), equation 7 approaches a power-law limit P (∆t) ≈ (1/λ 0 )(∆t) −2 , which is consistent with solar flares, GRBs and Sgr A * . Next, we consider the flare rate distribution with a mean rate λ 0
defined in the range of 0 < λ < ∞. In this case, the waiting time distribution can be written as (Aschwanden & McTiernan 2010 )
This equation corresponds to the integral ∞ 0
x 2 e ax dx = −2/a 3 , with a = −(1 + λ 0 ∆t)/λ 0 . So the waiting time distribution is
Obviously, the power-law index approaches −3 for ∆t ≫ 1/λ 0 , which is remarkably consistent with the X-ray flares of M87.
Conclusions and discussion
In this paper, we study the statistical properties of X-ray flares from different objects. The best fitting results for the distributions of energy, duration and waiting time are shown in Table 4 . The statistical similarities among X-ray flares from the Sun, GRBs, Swift J1644+57, Sgr A * , and M87, suggest that all of the X-ray flares have a similar physical origin, i.e., magnetic reconnection. Our results show that X-ray flares from Sun, Sgr A * , and M87 can be explained by a three-dimensional SOC model, implying that relativistic jets may be magnetically dominated. The power-law slopes of Swift J1644+57 distributions can be marginally explained in the three-dimensional SOC case. But the difference is up to 0.6. X-ray flares in black hole systems may occur in the following way. The central engine first ejects a relativistic magnetically-dominated jet (Meier et al. 2001) , and subsequently, blobs with different velocities in such a jet collide with each other (Yuan & Zhang 2012) , triggering magnetic reconnection events. Finally, relativistic electrons accelerated in the jet, owing to these events, emit X-ray flares. In addition, our results also show that SOC events are common phenomena in our universe, from local to distant objects and from the Sun with 1M ⊙ to M87 with a few 10 9 M ⊙ . This will possibly motivate further studies of astrophysical SOC events.
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